Introduction
Azithromycin is a 15-membered azalide antibiotic with a broad spectrum of activity that has been used in treating a wide variety of infections caused by susceptible organisms. 1 It has high tissue affinity, a feature that is thought to be due to the presence of two basic tertiary amine groups. This attribute results in much greater tissue or secretion drug concentrations compared to the simultaneous plasma concentration. 2 Small amounts of azithromycin are demethylated in the liver, and excreted in bile as an unchanged drug and inactive metabolites. The remainder is excreted mainly as the parent substance unchanged in urine. 3 The most commonly employed techniques for the determination of azithromycin in biological matrixes have been based on HPLC using electrochemical detection. 4, 5 Assays reported in the literature for the measurements of the drug in pharmaceutical dosage forms include HPLC, 6, 7 LC-MS, 8 and microbiological methods. 9 However, the chromatographic techniques require long experimental procedures for sample clean-up and demand expensive equipment that might not be available in many laboratories.
Electroanalytical techniques offer another possibility for estimating this compound due to a suitable electroactive site in its structure. Recently, a differential pulse voltammetric method at a glassy carbon electrode has been described for azithromycin determination in formulations. 10 The adsorption of the drug on the electrode surface has not been sufficiently strong for significant adsorptive accumulation and, hence, it has not been analytically useful.
In adsorptive stripping analysis, however, the adsorption process is purposely used as a preconcentration step. As a result, a wide variety of substances possessing surface-active properties are easily measurable at very low concentration levels. 11 The adsorptive properties of a glassy carbon electrode can be changed with the electrochemical pretreatment procedure. Electrode surface modifications and pretreatments have been widely used to improve the electrochemical responses of biological compounds and to construct electrochemical detectors. 12, 13 The behavior of carbon electrodes at high positive potentials has received considerable interest owing to a desire to improve both the activity and reproducibility of carbon electrodes for applications using electrochemical detectors for liquid chromatography involving the detection of analytes that oxidize only at extreme positive potentials. 14 The objective of the present work was to develop an adsorptive stripping voltammetric procedure for the determination of azithromycin.
It has been found that azithromycin could be adsorbed on an electrochemically pretreated glassy carbon electrode. Besides that, the modified electrode surface has shown good activity for improving the electrochemical response of this compound. By using this phenomenon and by accumulating this compound at the electrode surface prior to a differential pulse voltammetric measurement, a higher sensitivity has been readily achieved.
Reviewing the literature, it was revealed that up to the present time, nothing has been published concerning the determination of azithromycin in human biological fluids using the electrochemical method. This article deals with the application of the proposed voltammetric method to the assay of azithromycin in urine samples and its pharmaceutical dosage form. The adsorptive and electrochemical behaviors of azithromycin were investigated on a glassy carbon electrode that was electrochemically treated by anodic oxidation at +1.8 V, following potential cycling in the potential range from -0.8 to +1.0 V. The resulting electrode showed good activity to improve the electrochemical response of the drug. An adsorptive stripping voltammetric method for the determination of azithromycin at an electrochemically activated glassy carbon electrode has been developed. Azithromycin was accumulated in phosphate buffer, pH 6, at a potential of +0.3 V (vs. Ag/AgCl electrode) for a certain time, and then determined by differential pulse voltammetry. The oxidative peak current at +0.82 V, at a scan rate of 20 mV s -1 , was a linear function of the concentration in the ranges of 0.25 -2 µg mL -1 and 1 -10 µg mL -1 using a 240 or 60 s preconcentration time, respectively. Application of the method to the determination of azithromycin in pharmaceuticals resulted in an acceptable deviation from the stated concentration. The preconcentration medium-exchange approach was utilized for the selective determination of the drug in spiked urine samples with satisfactory results. The peak current was linear with the drug concentration in the range of 0.5 -3.5 µg per mL urine. The detection limit was 0.2 µg mL -1 urine. The recovery levels of the method reached 96.3%. 
Experimental

Materials and reagents
Azithromycin dihydrate, kindly provided by Pliva (Zagreb, Croatia), was used without further purification. A stock solution (1 µg mL -1 ; 1.32 × 10 -3 M) was prepared in methanol-water (50:50, v/v), and stored in a refrigerator at 4˚C. It remained stable for at least 4 weeks. 5 Standard solutions were prepared daily by diluting of the stock solution with 0.2 M phosphate buffer of pH 6 used as a supporting electrolyte. All of the reagents were of analytical grade (Merck and Sigma) and solutions were prepared using doubly distilled water.
Apparatus
Voltammetric measurements were carried out using an EG & G Princeton Applied Research Model 273A potentiostat. The three-electrode system used in this study contained a glassy carbon working electrode (φ = 2 mm, EG & G/PAR), Ag/AgCl reference electrode and a platinum auxiliary electrode. All of the experiments were performed at room temperature. The pH of the buffered solution was measured with a Radiometer PHM 85 digital pH-meter (Radiometer, Copenhagen, Denmark) using a combined glass electrode (Radiometer PHC 2406L).
Pretreatment of the glassy carbon electrode
A glassy carbon electrode was polished with 0.5 µm alumina powder on a polishing cloth until a mirror-like finish was obtained. The electrode was then thoroughly rinsed with double-distilled water and cleaned in an ultrasonic bath for 15 s. Nitrogen of high purity was used for deoxigenation of the buffer solution for 8 min prior to the first measurement, and nitrogen blanked was maintained thereafter.
An electrochemical pretreatment of the glassy carbon electrode was performed by anodic oxidation at +1.8 V for 4 min in 0.2 M phosphate buffer at pH 6.0. The electrode was then cycled between -0.8 and +1.0 V at a scan rate of 100 mV s -1 until a stable current-voltage profile was obtained.
Measurement procedure
After removing the electrode from the modifying solution, the three electrodes were immersed in a solution containing azithromycin and 0.2 M phosphate buffer at pH 6.0. Since dissolved oxygen did not interfere with the anodic voltammetry, no deaeration was performed. An accumulation potential of +0.3 V was applied to the working electrode for a selected time while the solution was being stirred. After a rest period of 10 s, differential pulse voltammetric stripping, initiated in the anodic direction up to the final potential of +1.0 V with a scan rate of 20 mV s -1 , was performed. Electrode cleaning procedures were carried out for each experiment. The electrode surface was anodic-activated to obtain reproducible results; this pretreatment required about 10 min.
Pharmaceutical preparations
Sumamed  capsules were obtained from Pliva (Zagreb, Croatia) as a gift. The declared amounts of azithromycin are 250 mg per capsule. Excipients, such as microcrystalline cellulose, hydroxypropylmethylcellulose and lactose, are added to dosage forms. The contents of ten capsules were completely removed from shells. An accurately weighted portion of the powder, equivalent to 250 mg of azithromycin, was transferred into a 50-ml volumetric flask. About 25 ml of methanol (99.8%) was added to dissolve the active material. The suspension was sonicated for 10 min and made up to volume with the same solvent. After the nondissolved excipients had settled at the bottom of the flask, an aliquot of the clear supernatant was transferred to a calibrated flask and a series of dilutions was made with phosphate buffer at pH 6 as a supporting electrolyte.
Urine analysis
Urine samples were filtered through a 0.2 µm mash filter. An amount corresponding to 10 mg of azithromycin was dissolved in a 200 ml volumetric flask with 1 mL of 0.1 M HCl and made up to volume with urine. An aliquot of 0.1 mL was taken and diluted up to 10 mL with phosphate buffer (pH 6.0), and the resulting azithromycin urine solution was used for voltammetric analysis.
The accumulation of azithromycin at the electrochemically pretreated glassy carbon electrode was carried out at +0.3 V for 120 s under stirring. The electrode was then rinsed with water and placed in a measurement cell containing 10 mL of phosphate buffer, and the stripping voltammogram was recorded between 0.5 and 1.0 V. Quantitation was obtained by means of the standard addition method by adding to 10 mL of the azithromycin urine solution three successive aliquots, each of 10 µL, of an azithromycin standard solution of 1.32 × 10 -3 M.
Results and Discussion
Voltammetric behavior of azithromycin at an electrochemically pretreated glassy carbon electrode
The aim of this study was to improve the results already obtained at a glassy carbon electrode with differential pulse voltammetry in the analytics of azithromycin. 10 In order to improve the electrochemical response of the drug, the electrode was pretreated in phosphate buffer at pH 6.0 by anodic oxidation and continuous cycling until a stable voltammogram was obtained. In cyclic voltammograms of the modified electrode, a pair of well-defined, quasi-reversible redox peaks at -0.069 V and 0.450 V was observed. The reversibility and the height of this pair of redox peaks were related to the preatreatment potential. The anodization of the glassy carbon electrode at a high positive potential resulted in stable peak currents without any influence on the current response of azithromycin. The electrode indicated a color change after the modification step. A transparent blue layer was formed on the glassy carbon surface. Electrochemical activation of the carbon surface resulted in an oxidized film containing functional groups, especially of the carbon-oxygen type. 14 The redox waves observed upon stabilization of the preanodized glassy carbon electrode were related to a redox transformation of the surface oxygen-containing functional groups. These functional groups increased the density of the active sites at the electrode surface and improved the electron transfer of the reaction. In addition, after such a treatment, the porous film modified the electrode and the effective surface area was increased. 12 Cyclic voltammograms for the oxidation of azithromycin at unmodified and electrochemically activated glassy carbon electrodes in the same solution are shown in Fig. 1 . An anodic peak owing to the oxidation of tertiary amino group on the desosamine sugar residue was observed. 10 In a reverse scan, no cathodic peak was noticed, which indicates that the azithromycin oxidation is irreversible. The pretreated glassy carbon electrode gave almost an 3-fold increase in the peak current compared to the unmodified electrode. This may be connected to the facile oxidation of the accumulated drug. The peak currents decrease to a constant value with succeeding potential scans, suggesting an adsorbed species formation on the electrode surface. The variation of log ip vs. log v confirms the adsorption-controlled process. The effect of the pH on the peak potential of azithromycin adsorbed at the surface of the electrode is similar to that in an aqueous solution. 10 With increasing of pH between 5 and 8, the potential of anodic peak is shifted toward less positive values by 0.065 V/pH.
Adsorptive stripping behavior
The adsorption of azithromycin at an electrochemically activated electrode surface was used as an effective preconcentration step prior to voltammetric quantitation of the drug. Figure 2 shows differential pulse voltammograms for a 1.32 × 10 -5 M solution of azithromycin without accumulation, and after a 60 s accumulation time step. An approximately 3-fold enhancement of the peak current was observed over that attained without accumulation. This finding suggested that a considerable enhancement in sensitivity could be provided by applying adsorptive stripping voltammetry to the determination of azithromycin. To achieve the maximum sensitivity by the adsorptive stripping voltammetric method, the optimum conditions for the maximum adsorption should be utilized during the accumulation step. Because the adsorption process depends on many variables, the electrochemical signal for azithromycin was optimized according to the following parameters.
The influence of the pH on the voltammetric response was examined between pH 5 and 8. From a previous study, it was found that the value of the peak current without adsorption increased in the pH range of 6 -8, and then decreased up to alkaline pH conditions. The pH of the solution also had an effect on the preconcentration step, which exhibited varying degrees of accumulation. The response preceded by adsorption suggested that the best accumulation could be attained in a phosphate buffer at pH 6.0. This pH value was selected for the accumulation step. The effect of the accumulation potential on the peak intensity was also evaluated for a 1.32 × 10 -5 M azithromycin solution following a 60 s preconcentration time over the range of 0.2 to 0.6 V. No significant difference in the stripping peak currents was found; thus, +0.3 V was chosen as the accumulation potential for all determinations.
The accumulation time was investigated in order to optimize the previous accumulation process of the substance on the electrode surface for its following anodic stripping. Figure 3 shows the dependence of the adsorptive peak current on the preconcentration time at two concentration levels, 1.32 × 10 -5 M and 1.32 × 10 -6 M. An increase in the analytical signal intensity was observed as the accumulation time increased, indicating an enhancement of the azithromycin concentration at the electrode surface. The linear relationship between the amount of accumulated compound and the deposition time at low concentrations pointed out a constant adsorption. For longer accumulation times, the peak current was stabilized, showing the equilibrium between the concentration of the substance in solution and that on the surface of the electrode. The higher was the concentration of azithromycin, the shorter was the time required for the system to reach equilibrium. However, at high concentrations, the saturation coverage of the electrode area was reached and decreasing peak intensity occurred. This could be explained by the release of an amount of the adsorbed molecules from the electrode surface due to repulsion interactions between the adsorbed species. This result was taken into consideration when constructing calibration plots. The choice of the preconcentration time depended on the concentration range studied.
In order to find the optimal conditions for the quantification of azithromycin, the instrumental parameters affecting the response of the stripping differential pulse technique were studied. The best peak definition was found when using a 50 mV pulse amplitude, a 20 mV s -1 scan rate and a 30 ms pulse width. The stripping currents were not modified when varying the rest period. 
Calibration plots
Under the optimum analytical conditions, the linearity of the differential-pulse stripping peak current to different concentrations of azithromycin was evaluated. Table 1 summarizes the characteristics of the calibration plots established at different accumulation times. The results show that the linearity range depends on the accumulation time used. The concentration range from 1 up to 10 µg mL -1 can be determined by using an accumulation time of 60 s. It was possible to reduce the determination limit by using an accumulation time of 240 s. Under these conditions, the linear response was found in the range of 0.25 -2 µg mL -1 . By using the accumulation of azithromycin at an electrochemically pretreated glassy carbon electrode prior to the stripping measurement, a twenty-times higher sensitivity was obtained compared to the differential pulse voltammetric method. 10 In addition, a lower detection limit was achieved and a wide range of concentrations could be used for analytical purposes.
Using the adsorptive stripping voltammetric conditions described above, the reproducibility of the assay was investigated. Adequate precision in the voltammetric signal could not be obtained unless the electrode surface was cleaned and pretreated by an activation procedure before each measurement.
Operating in this way provided good reproducibility of voltammetric data. The repeatability of the peak current at new surfaces, expressed by the relative standard deviation, was 1.72% (n = 7) for the concentration of azithromycin of 6.6 × 10 -6 M.
Determination of azithromycin in pharmaceutical samples
The determination of the azithromycin content in pharmaceutical formulations was carried out using the proposed stripping voltammetric procedure. The content of azithromycin in the capsules was determined by the standard addition method. The mean concentration obtained was 249.2 mg per capsule with a relative standard deviation of 1.98%, indicating adequate precision and accuracy of the proposed method. The effect of excipients on the voltammetric response of azithromycin was studied. Comparing the azithromycin recoveries after the addition of various known amounts of pure drug to the different pre-analyzed formulations, it was found that microcrystalline cellulose, hydroxypropylmethylcellulose and lactose did not interfere with the assay. The results obtained with the described method were compared with those obtained by the reported HPLC and microbiological methods. 6, 9 No significant differences were found between the performances of those methods regarding the accuracy and precision.
Determination of azithromycin in urine
Pharmacokinetic studies found in the literature suggest that azithromycin is not extensively metabolized, and therefore a relatively high percentage of the dose is eliminated in urine. 3 The proposed method was used to analyze azithromycin added to human urine. The samples were spiked at three concentration levels and the drug was determined by means of the standard addition method. The generally poor selectivity of voltammetric techniques can pose difficulties in the analysis of biological fluids, which contain oxidizable substances. It was possible to avoid this interference by doing a medium-exchange procedure. The working electrode with the extracted drug was transferred from the complex sample to an electrolytic blank solution between the adsorption and stripping step. This procedure could avoid the need for a lengthy cleanup pretreatment of the urine, and could keep the analysis time to a minimum. However, after a medium exchange experiment, a peak at +0.35 V was recorded. It was probably due to uric acid, which is fairly readily oxidizable. 15 The peak observed did not increase with increasing the accumulation time, and was well differentiated from that of azithromycin. As can be seen from Fig. 4 , no oxidation of the compounds present in urine occurs where the analytical peak appears. The calibration plots obtained by spiking the cell electrolyte containing blank urine with standard azithromycin were found to be linear in the concentration range of 0.5 -3.5 µg mL -1 . Good recovery of azithromycin was achieved from this type of matrix ( Table 2) . The method efficiency, based on the slope ratio between the slope of the line obtained by standard additions to spiked urine and the slope of the standard calibration graph, was 89%. The estimated detection limit, which was defined as three-times to noise, in spiked urine samples following this procedure was 0.2 µg mL -1 . This value proved the feasibility of the proposed method for detecting amounts of azithromycin that could be expected in urine coming from patients treated with the recommended therapeutical daily dosage. The usual adult dose of azithromycin is 500 mg as a single dose daily for 3 days. Following oral administration, about 40% of a dose of azithromycin is bioavailable. Because about 6% of an oral dose and 12% of an intravenous dose is excreted in the urine, 16 the anticipated concentration in urine is expected to be within the linear concentration range of the proposed method.
Conclusions
The developed adsorptive stripping analysis of azithromycin at an electrochemically pretreated glassy carbon electrode significantly improved the sensitivity attained by differential pulse voltammetry using an unmodified glassy carbon electrode. In addition, a lower detection limit was achieved, and a wide range of concentrations could be used for analytical purposes. The method was used to determine azithromycin in pharmaceuticals without interference from capsule excipients. It has also been successfully applied for the determination of the 642 ANALYTICAL SCIENCES APRIL 2004, VOL. 20 drug in urine samples. The proposed method is an attractive method due to the low cost of the instrumentation and the short time required for the analysis. ANALYTICAL SCIENCES APRIL 2004, VOL. 20 ; tacc, 120 s; Eacc, 0.3 V.
